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Abstract-During the past several years, an analytical theory of manual control of vehicles has been in development and has emerged as a useful engineering tool for the explanation of past test results and prediction of new phenomena. An essential feature of this theory is the use of quasi-linear analytical models for the human pilot wherein the models' form and parameters are adapted to the task variables involved in the particular pilot-vehicle situation.
This paper summarizes the current state of these models, and includes background on the nature of the models; experimental data and equations of describing function models for compensatory, pursuit, periodic, and multiloop control situations; the effects of task variables on some of the model parameters; some data on "remnant"; and the relationship of handling qualities ratings to the model parameters.
I. INTRODUCTION
A. The Nature of Pilot Models HE TERMS in which engineering models are expressed are determined by the behavior they are to describe, by the type of problem they are expected to solve, and by the available techniques with which they are to be applied. Because the motivation for mathematical models of pilot response characteristics has been to explain the behavior of pilot-vehicle control systems, the analytical descriptions desired are in conManuscript received October 31, 1967 ; revised May 19, 1967. The vast majority of the original work on which this review draws was sponsored by the Flight Control Div. of the Air Force Flight Dynamics Lab., USAF Research and Technology Div., and the NASA Ames Research Center.
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trol engineering terms. The purposes of the models are to summarize behavioral data, to provide a basis for rationalization and understanding of pilot control actions, and, most important of all, to be used in conjunction with vehicle dynamics in forming predictions or in explaining the behavior of pilot-vehicle systems. The control engineering models which satisfy these desires are, at best, representations of pilot's behavior rather than mechanistic analogs of the pilot's physiological structure. The models are valid to the extent that their behavioral properties resemble or duplicate those of the human. They gain in acceptability if certain features can also be identified structurally, although they cannot be rejected because of any failure to satisfy this test. For a detailed background on the various types of human operator models which have been developed, the surveys in references [1] - [6] and the bibliographies of ref-
erences [7] and [8] are recommended.
The human pilot is a multimode, adaptive,1 learning controller capable of exhibiting an enormous variety of behavior, which includes: IEEE TRANSACTIONS ON HUMAN FACTORS IN ELECTRONICS, SEPTEMBER 1967 (from all of those capable of being sensed) which are best suited to serve as feedbacks to satisfy the guidance and control needs. b) Coherence Detection: The extraction of coherence in the presented stimuli, including the abstraction of patterns in predictable functions. c) Coherence Utilization: i) Mechanization of feedback loops-The set-up of an internal organization (equivalent to the construction of several signal-processing paths within the human) to make efficient use of any coherence in the presented stimuli .
ii) Command pattern generation-The generation of internal anticipatory commands which, when transmitted to the effectors, results in a system output which duplicates the actual predictable forcing function.
2) System Adjustment The adoption and adjustment of transfer characteristics appropriate for control of the system as organized. This phase also has two aspects. a) Central Aspects: Associated with the sensory and equalization functions. b) Peripheral Features: The adaptive adjustments of the neuromuscular subsystem. Existing techniques for modeling are incapable of mimicking this complex behavior in a single grand model. Consequently, to obtain useful results, we must narrow our view and replace generality with specialization. By far the most fruitful specialized situations thus far considered are those of a stationary nature, where the task variables are constant and the pilot response characteristics are, because of training, reasonably stationary and repeatable. By considering such special situations, each of the many modes of behavior can be studied individually, as can the long term results of adaptation and learning within a particular mode. However, the dynamics of mode-switching and short-term adaptation and/or learning in the pilot, or of time-varying behavior in the task variables, cannot be treated with this approach.
B. Quasi-Linearization
To the extent that the physical situation has time-stationary properties, an appropriate approach is to model the possibly nonlinear pilot-vehicle system by some kind of quasi-linear system. This is an equivalent system in which the relationships between pertinent measures of system input and output signals are linear in spite of the existence of nonlinear elements. The quasi-linear system concept originally evolved from the observation that a great many nonlinear systems have responses to specific inputs which appear similar to responses of equivalent linear systems to these same inputs. For a given input-nonlinear-system combination, the response of the nonlinear system can be divided into two partsone component which corresponds to the response of an equivalent linear element driven by that input, and an additional quantity, called the "remnant," which represents the difference between the response of the actual and the equivalent linear element. Quasi-linear models of a nonlinear system, for the specific input of interest, are represented mathematically by a "describing function," which is the equivalent linear element, plus the remnant, both of which may be input-dependent.
The most common quasi-linear system in engineering usage is the sinusoidal-input describing function, which is of great value in stability studies of nonlinear servomechanismsE91-E1l1 and in the study of sinusoidal oscillations of the pilot-vehicle system, such as pilot-induced oscillations. Here, the describing function, when acted upon by a sinusoidal input, yields the Fourier fundamental component of the actual nonsinusoidal output. The remnant, which must be added to the output fundamental to achieve equivalence with the output signal of the nonlinear system, is made up of all the higher harmonics resulting from the passage of the sinusoid through the nonlinearity. Describing functions can also be defined for other periodic forcing functions, such as square waves; for transient inputs, such as step functions ; [12] or for random inputs of specified stochastic properties [11] , [18] , [14] . In the last case, the remnant is also described by a random process, linearly uncorrelated with the input, which has a power spectral density such that the outputs of both the quasi-linear and the actual system have equal power spectral densities.J11
Random-input describing function plus remnant descriptions are by far the most important quasi-linear models of the pilot-vehicle system. Not only are random forcing functions representative of important classes of piloting tasks, but their unpredictability precludes the pilot's coherence detection efforts. Describing functions based on random-appearing and periodic inputs have been the basis for the vast majority of pilot-vehicle system analyses, and have also received the lion's share of experimental effort. This paper is devoted to a summary of the current status of this type of pilot model, and how its parameters are affected by the task variables. C. Key Variables in the Pilot-Vehicle System The pilot's characteristics as a controller depend on four kinds of variables (see Fig. 1 ). The first are the task variables, which comprise all the system inputs and control system elements external to the pilot and which enter directly and explicitly into the pilot's control task. Four of these-forcing function, display, manipulator, and controlled element dynamics-have a major effect on the pilot dynamics. The second type of variable affecting the pilot's operation is the environment external to the pilot. Environmental variables include such factors as ambient illumination, temperature, vibration, and G-loading ( tion Y,(jo)),which also includes the effects of the manipulator "feel" characteristics. 2 The forcing function (command input or internal disturbance) must be subjectively random-appearing. It is idealized as a stationary random signal having a Gaussian amplitude distribution with rms level oe and a low-pass frequency characteristic with bandwidth wi. The goal is to follow commands and regulate against disturbances; in other words, to minimize error. Under these conditions the pilot becomes a serial element in the closed-loop system and, given sufficient practice, evolves a stable relationship between his control action and the particular set of displayed signals.
The human pilot has the capability of adjusting or equalizing his behavior so that the closed-loop characteristics fulfill the basic conditions required of any good feedback control system. These are to: 1) provide some desired command-response relationship; 2) suppress unwanted inputs and disturbances; 3) reduce the effects of variations and uncertainties in the components of the control loop; 4) provide adequate closed-loop stability margins. 2) The nature of YOL near zc determines the dominant closed-loop modes and response, e.g., the displayed error spectrum generally shows a peak near this frequency.
3) The system stability is determined by the openloop gain and phase characteristics near this frequency. A fairly comprehensive understanding of the effect of task variables on the pilot model and on the resulting closed-loop performance is available from a very extensive and recent set of datar'91 together with earlier data summarized in the references. [20] , [21] The most significant result of these measurements is the degree to which all of the data-for controlled elements ranging from Y, = K0, through K,/s, to K, /s2-approach the characteristics dictated by the Primary Rule of Thumb in the crossover region. The pilot adopts sufficient lead or lag equalization so that the slope of IYOLI = IYPYGI lies very close to -20 dB/decade in the region of crossover frequencies. Besides the -90 deg phase shift associated with the -20 dB/decade amplitude ratio, there is an accumulation of additional lags due to transport delays and high frequency neuromuscular dynamics. All of these can be represented (near crossover frequencies) by an effective time delay rT. Consequently, a remarkably simple two-parameter "crossover model" can account for most of the significant open-loop data trends in the important crossover frequency region.
The crossover model is YOL(jW) = YPYc ', ; near C.
(1)
The crossover frequency o0 is equivalent to the loop gain and accounts for the pilot's adaptive compensation for the controlled element gain. Both o, and r, are functions of the task variables. This simple crossover model is not a replacement for the complete verbal-analytical pilot model (which will be given later) but is a convenient approximation suitable for many pilot-vehicle engineering purposes. It is a better approximation of the amplitude ratio data than of the phase data. Further- These data are typical of other controlled elements having at most one pole in the crossover region and capable of being equalized to the crossover model form by a single lead or lag. The crossover model is even a fairly good fit to situations involving a mildly unstable controlled element which must be stabilized by the pilot's control action. However, when the degree of instability is severe, the pilot's behavior is constrained to a narrow range by vanishing stability margins which may preclude equalization to the -20 dB/decade criterion. Further data and discussion of this interesting facet is beyond the scope of this paper, but is covered in references [19] , [22] , [23] . Many aerospace vehicle systems can be approximated by one of these simpler controlled elements in the (final) crossover region. Some simple examples are given in Table I and a bibliography for more complex application examples is given in reference [7] .
B. Form of Pilot Describing Function and Equalization Adjustment
The simplest pilot describing function form, which corresponds to the open-loop crossover model, is: Once the basic form of equalization has been adopted by the pilot to stabilize the system, he then adjusts the system parameters so as to tend to minimize the tracking errors if he is so instructed.t191 [21] , [241 Other criteria than minimum error can affect the adjustments, e.g., under extreme adaptation conditions (for instance, near the pilot's force or lead equalization limits), or with a cost criterion involving other quantities (such as "minimize the displayed sum of error squared and control deflection squared"). [25] , [26] As a practical matter, minimizing tracking errors is tantamount to minimizing the mean-square error because:
Under fairly general conditions, a quasi-linear system adjusted to give minimum mean-square error for Gaussian inputs also minimizes a large number of other monotonic error criteria.[271 Experienced pilots, when told merely to "minimize the errors," exhibit performance and response measures which are indistinguishable from that when told to "minimize their mean-square-error tracking score" (Obermayer et al., [28] Experiment V).
As a general statement, the second rule of adaptation is as follows.
Rule 2: Within the pilot's intrinsic limitations, and once the -20 dB/decade amplitude ratio slope has been achieved, the adjustments of crossover frequency and effective time delay are such as to minimize the meansquare error (for wo << w,)
This rule cannot be applied without a more complete definition of the "intrinsic limitations" and adjustments.
Fortunately, the experiments in McRuer et al.0-9 have shed empirical light on these, but the adjustments are difficult to describe in a neat, sequential manner.
In terms of the crossover model, the parameters at hand to minimize error are the crossover frequency and re. In general, increasing gain (crossover frequency), or increasing the phase margin (pm (through reduced Te), and thereby the damping of the closed-loop dominant modes, each tends to reduce the system errors. Were it not for the unavoidable human operator lags represented by r,e the pilot could increase his gain without limit once the open-loop amplitude ratio is equalized to the j,/JwJ form, because the corresponding phase lag would be only -90 deg out of the -180 deg allowed. However, Te reduces the phase margin and ultimately limits c, to less than 10 rad/s. For the crossover model, the dependence of (M on T, is given by (PMM-2 -T,ew (angles in radians) (3) and the error/input ratio at o, is e 1 a A(Coi) - (7) Putting in the average slopes of AT/f&wi from Fig. 4 , and collecting all the quantities in tabular form, gives the relations tabulated in Table III. Remember that these are average values for a number of skilled pilots in a particular fixed-base simulator, with a spring-loaded stick and single-axis cathode-ray-tube display. They are thus representative, but may not be exactly duplicated in a different setup.
D. Refinements to the Model
The simple crossover model for single-loop pilot-vehicle control is best suited to conventional stable controlled elements which have smooth amplitude and phase characteristics in the potential crossover region, for tasks where the input is at low frequencies, and where the remnant is relatively small. In other situations more accuracy is desired, as when the controlled element break frequencies are in the crossover region or in conditionally stable systems. More refined operator describing function models have been developed to handle these cases, [19] always balancing the need for improvement in accuracy against the inevitably increased complexity and number of parameters involved.
One such refinement is the "extended crossover model" or "-model." This is especially useful for conditionally stable systems (e.g., when a pilot is stabilizing an unstable controlled element). Such situations result in low phase margins which limit the extent of the stable crossover region and require a fairly accurate phase representation at mid-band frequencies. The primary purpose of the extended crossover model is to account for the low-frequency phase droop, which can be seen in Fig. 2 The obvious improvement of the extended crossover model in fitting the previous data examples of Fig. 3 can be seen by comparing the dashed and solid lines therein. Its advantage in fitting marginally stable situations, for a second-order controlled element with one unstable root Y = Kr/s (s-1/T), is nicely illustrated in Fig. 6 . Because the controlled element has a breakpoint in the crossover range (1/T = 1.5) while the maximum lead equalization is required (l/TL -. 0.2), it is not possible to achieve a -20 dB/decade amplitude slope near crossover, and the versatility of (9) is fully utilized.
The variation of a with task variables is not as well defined as wo and re, chiefly because few valid data exist at low enough frequencies, and because the phase data at low frequencies have higher intrinsic variance. The best set of well-defined data for various degrees of instability of the above Y,t19' results in the crossplot shown in Fig. 7 . In this case, the product are remained nearly constant at 0.11, but values from 0.04 to 0.20 have been observed. [30] Constancy of aTe implies that a favorable decrease in Te is accompanied by an adverse increase in a, such that the net phase curve due to a and TC has a constant concave-downward shape which merely shifts to a higher frequency on a Bode plot as Te decreases. The source of this close tie between a and T, involves details of the neuromuscular system which are discussed in references [31] and [32] .
When the dynamics of the neuromuscular system lie in the crossover region, or when the manipulator feel characteristics are important, more elaborate models are required, e.g., the "precision model."'191 As the dynamics which contribute to the effective time delay of simpler models are separately accounted for in the more precise models, the minimum value of Te approaches the basic (10) , ' ,, represents signals which have been passed around the loop, i.e., it is the closed-loop remnant. To ascribe this closed-loop spectrum to processes internal to the pilot requires opening the loop and computing the signal properties which would have to be present at the specified places to yield the total closed-loop spectrum. In general, the sources of remnant are impossible to describe uniquely using only two-terminal measurements. As matters stand at present, one can only attempt to list and, by indirect measurement, to infer the dominant sources and most usable remnant models for a particular set of task variables. In ascending order of importance, the sources of remnant are considered to be due to the following. 1) Pure Noise Injection: There are numerous potential sources of legitimate "noise" along the sensing, equalizing, and actuating paths of the human pilot; for example, errors in the output position similar to the "range effect"[341 but on a continuous basis. 20 ], (21] 2) Nonlinear Operations: Nonlinearities such as indifference thresholds, control output and rate saturation, or relay-like "sgn" functions produce harmonics of frequencies other than input frequencies, although their dominant (fundamental) effect is taken into account by the describing function. If the nonlinearities are large compared with the signal levels involved, then appreciable remnant can result from this source. [21] , [35] , [36] 3) Nonsteady Pilot Behavior: The parameters of the quasi-linear pilot model can be defined meaningfully only as averages over certain lengths of time.
[371 How- Clearly, the most appropriate way to treat remnant effects depends on the actual component sources present. When, however, mean-squared values of signals within the control loop are of central interest, the remnant can be satisfactorily represented by a signal having a specified power spectral density injected into the closed-loop system (see Fig. 8 ).
Considered as an injected signal, the point of application of the remnant can be removed from the pilot's output to other locations in the loop as long as no nonlinear elements are passed in the process. In other words, the remnant may be considered to be injected at the pilot's output, input, or somewhere in between (if such pilot nonlinearities as the indifference threshold are negligible). Referring to Fig. 8 and denoting the injected remnant at e and c in the loop as n and n,, respectively, the various [20] from which this statement Indirectly measured pilot feedforward describing function. [45] that the adjustment of Y,, is nearly YiY,, is shown in Fig. 13 and is described as follows. 1) For periodic inputs up to about 10 rad/s (2 Hz), the operator creates a pursuit feedforward loop in which Yp Yc 1.0, which serves to eliminate all of the timeaveraged lags from his tracking. However, remnant will still excite residual errors, so a compensatory loop is also maintained, subject to similar laws of adaptation as in the random input case for very low frequency inputs. The result will be one peak in the perceived error spectrum near the input frequency and, possibly, a secondary peak near the crossover frequency.
2) As familiarity with a particular waveform in- 
VI. MULTILOOP COMPENSATORY MODEL A. Types of Multiple-Loap Tasks
As used here, the term "multiloop" refers to two or more interacting loops, while control tasks involving noninteracting loops are referred to as "multiple loop." For example, pitch angle and height control is a multiloop task, while pitch and bank angle stabilization in straight and level flight is a multiple-loop task. Multiloop tasks involve, in general, more than one feedback quantity (e.g., pitch angle and height) as well as one or more different pilot controls (e.g., elevator and throttle).
The inputs to the pilot may be perceived by only one of the senses (single modality) or by several senses (multimodality). Fixed-base simulation nearly always is limited to the single-modality case, e.g., visual cues only; motion simulators and actual flight involve the multimodality situation, e.g., visual and motion cues. [59 and applied to aircraft manual control and handling qualities. [60] - [62] The pilot model to be described next applies to either multiloop or multiple-loop tasks, as long as essentially continuous control is being exerted in each loop.
B. The Adaptive Feedback Selection Hypothesis
The pilot model for multiloop tasks is an extension of the quasi-linear describing function model for single-loop tasks, but with different parameters operating in each loop. Whereas the tradeoffs between performance, stability, and pilot equalization effort are relatively clearcut in single-loop situations, the number of alternatives becomes much greater in multiloop systems. To converge on the probable feedbacks and equalization selected by the pilot, the Adaptive Feedback Selection Hypothesis has been formed, which is based on considerable indirect evidence, but has yet to be completely validated.
Adapative Feedback Selection Hypothesis Given: A controlled element having several degrees of freedom, some directly sensed within the general visual field, some observable via visual displays, and (perhaps) some directly sensed using modalities other than vision.
Then: The human pilot evolves, during a learning and skill development phase, a particular multiloop system structure. The active feedback connections in this system will be similar to those which would be selected by a skilled controls designer who has available certain variable system characteristics to use for control of given fixed system characteristics; and who also has available a relative preference guide for the variables. System variables comprise sensing channels for each of the feedback possibilities available to the pilot, and possible equalization in each loop which is tailored from an adaptive, but limited, set of equalization forms. The loops ultimately selected will have the following properties. 1) To the extent possible, the feedback loops selected and equalizer adjustments made will be such as to allow wide latitude and variation in pilot characteristics.
2) The loop and equalization structure selected will exhibit the highest pilot rating of all practical loop closure possibilities. Preferably, the loops selected can be closed with a pure gain plus large time delay.
3) Delays due to scanning and sampling are mini- mode, the pilot was forced to use rudder to control yaw rate, and by being given a large random roll command he was forced to control roll by ailerons (compensatory displays were used). The block diagram for this situation is depicted in Fig. 15 (a) . One question was whether much crossfeed existed between roll or yaw errors and the rudder or aileron control actions, and another was the extent of change in the pilot's roll-to-aileron describing function from its single-loop equivalent.
It was found that there was some roll-to-rudder crossfeed which prevented direct measurement of the yaw-torudder describing function. However, the roll-to-aileron describing function was measured. The inner-loop closure and crossfeed for the unstable case were such that the pilot's roll-to-aileron describing function in the multiloop task [ Fig. 15 (c) In the iterative process of determining the likely loop structure and loop equalizations, the key adaptation criteria are not always confined to the objective measures of stability margins and error performance; they also include consideration of subjective pilot ratings.t63I Although the connections between pilot ratings and pilot-vehicle dynamics and performance are not yet firmly established, enough are available to provide a relative preference guide (e.g., see reference [64] . This brief discussion summarizes only those pilot rating considerations which affect the pilot's adaptation and is not intended to be definitive in any sense.
The whole pilot adaptation problem is complicated by the fact that the adopted parameters and performance affect his ratings, and vice versa. Consequently, most of the trends to be shown in the following figures were measured under conditions where all but one of the variables affecting rating were constant or negligible.
2) Pilot Gains: The subjective rating trends associated with the controlled element gain are the best known, for numerous experiments have shown that an "optimum" gain exists at some level of Kc. The importance of the optimum gain is illustrated in Fig. 16 , which shows results from a single-axis compensatory tracking study which used "good" airplane dynamics. 65' Over a wide range of control gains; the average absolute error is nearly constant, while the pilot's average force output (proportional to pilot gain) varies inversely with the control gain. The subjective handling quality rating shows a distinct optimum, which is not revealed by either the error or force criteria. All of these trends are consistent with the pilot's gain adaptation to keep o, invariant. Fig. 17(a) Fig. 17(b) can be used to roughly estimate the penalties for off-optimum pilot gain once , is known via the relation K, _ Kc (13) where Kc includes the vehicle and display gains.
The absolute level of the optimum control gain will depend on manipulator characteristics and other mission and control sensitivity considerations (e.g., see A'Harrah and Siewert [46] ). At the present state of the art, the "best" control gains must still be empirically determined.
3 Fig. 18 entirely to pilot lead, because so many factors were not in control.
The effect of pilot-adopted lag on his ratings has not been found as yet. Indirect evidence (e.g., the static-toshort-period-gain experiment in Jex and Cromwell 651) indicates that the use of very-low-frequency lag-in effect, the trimming out of drift errors-does not result in significant rating penalties. However, there is a growing suspicion that vehicles which require mid-to high-frequency pilot lags, in order to attenuate or phase-stabilize a weakly damped short-period or bending mode, may be downrated on this basis. went from 0 to 1.5 rad/s, T underwent a reduction of 0.08 seconds and the pilot rating dropped by 2.5 to 3 points. This rating decrement is probably associated with the increasing neuromuscular tension underlying the reduced Tre 5) Other Factors: Other things being constant, pilot ratings may also depend on the system closed-loop performance and the sensitivity of the performance to variations in elements of the pilot's describing function. For good ratings, the pilot should be able to obtain satisfactory performance with a relatively broad set of describing function characteristics.
4) Effective
The influence of remnant on pilot rating is not understood at all, although it has been observedt19] that the proportion of remnant in the control output does increase in the high control gain region of Fig. 17 (i. e., for Kc > 10).
B. Multiaxis Ratings
The above rating penalties are based on single-axis data. A simple approximation to the total system rating can be made using a "basic" experimentally determined multiaxis rating and adding single-axis rating decrements: [69] N R = RRbbet + ARi (14) i =1 where Rmb,,t = actual pilot rating for the multiaxis situation when each single axis is set to its best-rated configuration (experimentally determined) ARi rating decrement (relative to the optimum)
for each of the axes involved, based on singleaxis rating data.
Other multiloop rating considerations are also discussed in Dander. [691 In summary, it can be seen that subjective pilot ratings may have a strong influence on his finally adopted parameters, and vice versa.
VIII. CONCLUSIONS This paper has attempted to summarize some of the more important recent developments in analytical pilot models for manually controlled vehicles, with emphasis on the effects of task variables on the types of models required and on the model parameters. Some of the main conclusions which emerge from this review are as follows.
1) Validated analytical pilot models are available for a wide range of task variables.
2) To handle the wide range of problems, different forms of pilot models are required (e.g., compensatory, pursuit, periodic, etc.). The extra blocks in these models must not be overlooked, as they sometimes are, in interpreting simulator and flight test data.
3) Great simplifications in the modeling of compensatory tasks result from using the Crossover Model or its refinements described in Section II. These permit prediction of pilot equalization, gain, delay time, performance, and rating decrements. 4 6) A pilot's rating decrements can be related to his adopted model parameters, thereby permitting better optimization of the pilot-vehicle system than can be obtained solely on the basis of stability or performance criteria.
